Background and aim: Urocortin 1 (UCN) and adrenomedullin (AM) are two recently discovered neuropeptides that, due to their distribution and binding to receptors in immune cells, have emerged as potential endogenous anti-inflammatory factors. Crohn's disease is a chronic debilitating disease characterised by a Th1 driven severe inflammation of the gastrointestinal tract. This study investigated the therapeutic effect of UCN and AM in a murine model of colitis. Methods and results: Treatment with UCN or AM ameliorated significantly the clinical and histopathological severity of the inflammatory colitis, abrogating body weight loss, diarrhoea, and inflammation, and increased the survival rate of colitic mice. The therapeutic effect was associated with downregulation of both inflammatory and Th1 driven autoimmune responses, including regulation of a wide spectrum of inflammatory mediators. In addition, partial involvement of interleukin 10 secreting regulatory cells in this therapeutic effect was demonstrated. Importantly, UCN or AM treatments were therapeutically effective in established colitis and avoided recurrence of the disease. Conclusions: This work identifies UCN and AM as two potent anti-inflammatory factors with the capacity to deactivate the intestinal inflammatory response and restore mucosal immune tolerance at multiple levels. Consequently, both peptides represent novel multistep therapeutic approaches for the treatment of Crohn's disease and other Th1 mediated inflammatory diseases.
C rohn's disease (CD) is a chronic, idiopathic, and relapsing inflammatory bowel disease characterised by dysfunction of mucosal T cells, altered cytokine production, and cellular inflammation that ultimately leads to damage of the distal small intestine and colonic mucosa, resulting in a range of gastrointestinal and extraintestinal symptoms-that is, abdominal pain, rectal bleeding, diarrhoea, weight loss, skin and eye disorders, and delayed growth and sexual maturation in children. 1 2 Although its aetiology remains unknown, there is circumstantial evidence to link CD to failure of the mucosal immune system to attenuate the immune response to endogenous antigens. 1 Several animal models of CD have been developed recently. 3 4 The hapten induced model of colonic inflammation in which 2,4,6-trinitrobenzene sulfonic acid (TNBS) is delivered intrarectally is widely used to test potential therapeutic agents. 4 In this model, intestinal inflammation results from covalent binding of the haptenising agent to autologous host proteins with subsequent stimulation of a delayed-type hypersensitivity to TNBS modified self antigens. In both CD and TNBS induced colitis, activated Th1 cells promote an exaggerated macrophage and neutrophil infiltration and activation, giving rise to a prolonged severe transmural inflamed intestinal mucosa, characterised by uncontrolled production of inflammatory cytokines and chemokines. 4 Inflammatory mediators such as cytokines (that is, interleukin (IL)-12, interferon c (IFN-c) and tumour necrosis factor a (TNF-a)) and nitric oxide (free radical), produced by infiltrating cells and resident macrophages, play a critical role in colonic tissue destruction. Available therapies for CD based on immunosuppressive agents are not entirely effective, are non-specific, and have multiple adverse side effects, and in most cases surgical resection is the ultimate alternative. 2 This illustrates the need for novel therapeutic approaches that specifically modulate both components of the disease-that is, the inflammatory and Th1 driven responses.
Urocortin 1 (UCN) and adrenomedullin (AM) are two recently discovered neuropeptides that are structurally related to corticotrophin releasing factor (CRF) and calcitonin gene related peptide, respectively. 5 6 Although UCN and AM were initially known for their cardiovascular protective activities, 6 7 several lines of evidence suggest that they could act as endogenous immunomodulatory factors, with predominant anti-inflammatory effects. UCN and AM and their receptors have been detected in several immune cells, including macrophages/monocytes and T cells, in lymphoid organs, and in the gastrointestinal tract, and their expression increases under inflammatory conditions. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] UCN has been reported to inhibit experimental autoimmune encephalomyelitis, 16 endotoxin induced TNF-a production by macrophages, 17 lethal endotoxic shock, 18 and skin oedema induced by thermal injury. 19 In addition, UCN present in the mucosa of patients suffering from Helicobacter pylori induced gastritis increases during the stage of eradication and amelioration of inflammation, while in patients resistant to treatment, levels remain low. 20 In contrast, AM inhibits TNF-a production by activated macrophages and prevents lethal endotoxaemia (unpublished data). 13 18 21 22 Based on their potential anti-inflammatory actions, we have investigated the potential therapeutic effect of UCN and AM in a murine model of TNBS induced colitis. We report that treatment with UCN or AM significantly reduces the clinical symptoms and pathology by downregulating both inflammatory and Th1 mediated immune responses.
MATERIALS AND METHODS

Induction of colitis and study design
Colitis was induced in Balb/c and SJL mice (6-8 weeks old; Jackson Laboratories, Bar Harbor, Maine, USA), as previously described. 23 In brief, mice were lightly anaesthetised with halothane, and a 3.5 F catheter was inserted intrarectally 4 cm from the anus. To induce colitis, TNBS (3 mg; Sigma Chemical Co, St Louis, Missouri, USA) dissolved in 50% ethanol (to break the intestinal epithelial barrier) was administered into the lumen via a catheter filled from a 1 ml syringe. Control mice received 50% ethanol alone (100 ml). Animals were treated intraperitoneally with medium or with different concentrations of urocortin 1 (UCN 0.05-2.0 nmol/mouse; 10-350 mg/kg) or AM (0.05-2.0 nmol/ mouse; 10-450 mg/kg) (American Peptides Company, Sunnyale, California, USA) 12 hours after TNBS instillation.
To study the therapeutic effect of delayed administration of UCN and AM on established colitis, UCN or AM (2 nmol/ mouse) was injected intraperitoneally every day for three consecutive days starting six days after TNBS administration.
To study the effect on disease recurrence, 1.5 mg of TNBS were administered on days 0 and 9, and UCN or AM (2 nmol/ mouse) were injected intraperitoneally 12 hours after the first TNBS infusion.
Animals were monitored daily for appearance of diarrhoea, loss of body weight, and survival. Some animals were sacrificed at the peak of the disease (day 3), blood samples were collected by cardiac puncture, and a segment of the colon (7 cm long) was excised for evaluation of macroscopic damage and weighed. Tissue segments were immediately frozen in liquid nitrogen for histological and immunohistological studies, protein extraction and cytokine determination, myeloperoxidase (MPO) activity measurement, and total RNA extraction. In another set of experiments, colon segments were used for isolation of lamina propria mononuclear cells (LPMC). All experiments were performed according to the Institutional Guidelines for the Care and Use of Laboratory Animals in Research and the approval of the local ethic committee in the CSIC.
Macroscopic and microscopic damage evaluation
Colons were examined under a dissecting microscope (65) and graded for macroscopic lesions on a scale from 0 to 10 based on criteria reflecting inflammation, such as hyperaemia, thickening of the bowel, and extent of ulceration. 24 Scores for stool consistency and rectal bleeding were assessed according to previously published procedures. 25 For histopathological analysis, colons were fixed, sectioned, and stained with haematoxylin-eosin, and inflammation was graded from 0 to 4 as follows, in a blinded fashion: 0, no signs of inflammation; 1, low leucocyte infiltration; 2, moderate leucocyte infiltration; 3, high leucocyte infiltration, moderate fibrosis, high vascular density, thickening of the colon wall, moderate goblet cell loss, and focal loss of crypts; and 4, transmural infiltrations, massive loss of goblet cell, extensive fibrosis, and diffuse loss of crypts. For immunohistological analysis, sections were stained with 5 mg/ml FITC and PE labelled anti-CD4, anti-CD11b, or anti-TNF-a monoclonal antibodies (mAbs) and examined by fluorescent microscopy (Leica, Wetzlar, Germany).
Cytokine determination
For cytokine determination in colon mucosa, protein extracts were obtained by homogenisation of colonic segments (0.5 mg tissue/ml) in 50 mM Tris HCl, pH 7.4, 0.5 mM DTT, and 10 mg/ml of a cocktail of proteinase inhibitors containing phenylmethylsulfonyl fluoride, pepstatin, and leupeptin (Sigma). Samples were centrifuged at 30 000 g for 20 minutes and stored at 280˚C until cytokine determination. Cytokine and chemokine levels in serum, colonic protein extracts, and culture supernatants were determined by a specific sandwich ELISA using capture/biotinylated detection Abs from BD Pharmingen (San Diego, California, USA) and Preprotech (Rocky Hill, New Jersey, USA) according to the manufacture's recommendations. Release of total transforming growth factor b1 (TGF-b1) (active+latent) was determined by ELISA (BD Pharmingen) after acidification with 0.1 M HCl and neutralisation of culture supernatants. Serum amyloid A (SAA) levels were determined in serum samples by a murine ELISA kit (Tridelta Development, New Jersey, USA). For intracellular analysis of cytokines in stimulated LPMC and mesenteric lymph node (MLN) cells, 10 6 cells/ml were collected and stimulated with phorbol myristate acetate (PMA 1 ng/ml) plus ionomycin (20 ng/ml) for eight hours in the presence of monensin. Cells were stained with PerCPanti-CD4 mAbs, fixed/saponin permeabilised with Cytofix/ Cytoperm, stained with FITC and PE conjugated anticytokine specific mAbs (BD Pharmingen), and analysed a FACScalibur flow cytometer (BD Pharmingen). In order to distinguish between monocyte/macrophage and T cell sources, intracellular cytokine analysis was done exclusively in the PerCP labelled CD4 T cell population.
MPO assay
Neutrophil infiltration in the colon was monitored by measuring MPO activity using a method reported previously. 26 Isolation and culture of LPMC and mesenteric lymph node cells (MLN) LPMC were isolated from freshly obtained colonic specimens using a previously described technique. 23 MLN cells were enriched in T cells by incubating MLN cells in Petri dishes for two hours at 37˚C to remove non-adherent cells. LPMC and MLN cells were incubated in complete medium (RPMI-1640 supplemented with 100 U/ml penicillin/streptomycin, 2 mM L-glutamine, 50 mM 2-mercaptoethanol, and 10% heat inactivated fetal calf serum) at 10 6 cells/ml, in the absence (unstimulated) or presence of PMA (10 ng/ml) and Con A (2.5 mg/ml). Cell proliferation (expressed as A 450 ) was evaluated in 96 well microtitre plates for 96 hours using a cell proliferation assay (BrdU) from Roche Diagnostics GmbH (Mannheim, Germany). Cytokine/chemokine production in culture supernatants was determined after 48 hours of culture, as described above. For TGF-b1 production, cells were cultured additionally for 24 hours in serum free medium. Intracellular cytokine content was determined in stimulated cells, as described above.
Gene expression analysis
Total RNA was isolated from colonic specimens using Ultraspec RNA reagent (Biotecx, Houston, Texas, USA) and mRNA expression of a variety of chemokines, chemokine receptors, cytokines, enzymes, and leucocyte markers was quantified using a GEArray focused DNA microarray for 96 inflammatory and autoimmune agents (Superarray Bioscience Corporation; Frederick, Maryland, USA) following the manufacturer's recommendations. Sample to sample variation in RNA loading was controlled by comparison with the housekeeping gene G3PDH. Colitis was induced by intracolonic administration of TNBS (3 mg/mouse) in 50% ethanol. Balb/c mice were treated intraperitoneally with AM or UCN (2 nmol/mouse, or different doses in B) 12 hours after TNBS injection. Mice treated with 50% ethanol were used as controls. Clinical evolution and severity were monitored by body weight changes (A, B), colitis score (C), and survival (D). Macroscopic damage score was determined three days after TNBS administration (E). Histopathological analysis was determined in haematoxylin-eosin stained sections of colons at day 3 of disease (F) (6200). Inflammatory infiltrates in the colons (day 3) were phenotypically characterised by immunostaining against CD11b (monocyte/macrophage and neutrophils), tumour necrosis factor a (TNF-a) producing cells, or CD4 T cells (G) (6200). Colonic myeloperoxidase (MPO) activity was determined in the acute phase of the disease (day 3) (H). n = 12-18 mice/group. ***p,0.001 versus TNBS treated mice.
anti-Foxp3 mAb (eBioscience San Diego, California, USA), and analysed on a FACScalibur flow cytometer.
Data analysis
All values are expressed as mean (SD) of mice/experiment. Differences between groups were analysed using the Mann-Whitney U test and, if appropriate, by the Kruskal-Wallis ANOVA test. Survival curves were analysed by the Kaplan-Meyer log rank test. Changes in body weight were compared using the Wilcoxon matched pair signed rank test.
RESULTS
Treatment with UCN or AM protects against TNBS colitis development
We investigated the potential therapeutic action of AM and UCN in the TNBS model of colitis. Balb/c mice subjected to intrarectal administration of TNBS in 50% ethanol developed a severe illness characterised by bloody diarrhoea, rectal prolapse, pancolitis accompanied by extensive wasting syndrome, and a profound and sustained weight loss resulting in a mortality rate of 60% ( fig 1A-D ). Mice treated with AM or UCN 12 hours after TNBS instillation rapidly recovered lost body weight, improved their wasting disease, and had a healthy appearance, with a survival rate greater than 80%, similar to control mice treated with 50% ethanol alone ( fig 1A-D) . The therapeutic effects of AM and UCN were dose dependent, showing maximal effects at doses of 0.2-2 nmol (45-450 mg/kg) ( fig 1B) . Macroscopic examination of colons obtained three and seven days after colitis induction showed striking hyperaemia, inflammation, and necrosis compared with control animals that showed only slight inflammation ( fig 1E) . In contrast, the colons of AM/ UCN treated mice showed no signs of macroscopic inflammation ( fig 1E) .
Histological examination of the distal colon of mice given TNBS showed transmural inflammation involving all layers of the bowel wall with a marked increase in the thickness of the muscular layer, adherence to surrounding tissues, patchy ulceration, epithelial cell loss, pronounced depletion of mucin producing goblet cells, reduction of the density of tubular glands, and focal loss of crypts ( fig 1F) . Inflammatory cell infiltrates consisted of macrophages, lymphocytes, and neutrophils in the lamina propria ( fig 1F) , along with enlargements of lymphoid follicles in the colon (not shown). Immunohistological analysis revealed CD4 T cells, TNF-a producing cells, and CD11b + cells-that is, granulocytes and macrophages ( fig 1G) . Neutrophil infiltration correlated with increased colonic MPO activity ( fig 1H) . When mice were treated with UCN or AM, striking improvement of these macroscopic and histological signs became apparent, with a significant reduction in inflammatory activity and neutrophil infiltration ( fig 1F-H) .
We next investigated whether UCN/AM treatment would be effective during the later phases of the disease with colitis fully established. Administration of AM or UCN on three consecutive days starting six days after onset of disease rapidly reversed lost body weight (fig 2A) . In addition, we examined whether AM and UNC were able to prevent disease recurrence. TNBS treated mice re-exposed on day 9 to a second dose of TNBS, rapidly died (100% mortality) due to severe colitis and body weight loss. Mice receiving a unique dose of AM or UCN 12 hours after the initial colitis induction survived and did not suffer disease recurrence after a second administration of TNBS ( fig 2B) . The therapeutic effect of both peptides was confirmed in SJL mice, a murine strain more susceptible to TNBS induced colitis ( fig 2B) .
Treatment with UCN or AM reduces systemic and mucosal inflammatory responses in mice with TNBS induced colitis
We next evaluated the effect of UCN and AM on the production of inflammatory mediators that are mechanistically linked to TNBS induced colitis. Treatment with UCN or AM dramatically reduced protein and mRNA expression of inflammatory cytokines (TNF-a, IFN-c, IL-6, IL-1a, IL-1b, IL-12, IL-18, IL-17, IL-15, and macrophage migration inhibitory factor (MIF)), chemokines (Rantes, macrophage inflammatory protein (MIP)-1a, MIP-1b, MIP-3b, monocyte chemoattractant protein (MCP)-1, MCP-3, inducible protein (IP)-10, and MIP-2) and chemokine receptors (CCR-1, (fig 3A, B ). In addition, colons of AM/UCN treated mice showed increased levels of the anti-inflammatory cytokine IL-10 and chemokine receptors CCR-4 and CCR-8 ( fig 3A, B) . The decrease in inflammatory mediators could be a consequence of the diminished infiltration of inflammatory cells in the colonic mucosa in AM/UCN treated colitic mice. However, LPMC isolated from mice treated with AM or UCN produced lower levels of proinflammatory factors (TNF-a, IL-6, and MIP-2) on in vitro culture in comparison with TNBS mice (fig 3C) . This suggests that, in addition to the reduction in inflammatory infiltration, UCN/AM administration deactivates the inflammatory response in the colonic mucosa. The broad anti-inflammatory activity of both peptides in the colon was accompanied by downregulation of the systemic inflammatory response implicated in colonic inflammation ( fig 3D) . UCN/AM treatment decreased TNBS induced serum levels of the proinflammatory cytokines TNF-a, IL-1b, IL-6, and MIP-2, and of SAA, an hepatic acute phase protein involved in tissue damage in inflammatory conditions. 27 UCN and AM suppress Th1 cytokine response and stimulate IL-10/TGF-b1 production in TNBS induced colitis Although macrophages and neutrophils are the major sources of inflammatory mediators, CD4 T cells also play a key role in the initiation and perpetuation of CD by producing IFN-c, a potent inducer of the inflammatory response. 4 Although important discrepancies exist in the literature, 28 29 the bias towards Th1 cytokines (mainly IFN-c and TNF-a) seems to be crucial in the establishment of chronic inflammation. Therefore, we determined the effect of treatment of TNBS induced colitis with UCN or AM on the ability of LPMC and draining MLN to produce IFN-c and proliferate in vitro. LPMC and MLN cells obtained from TNBS treated mice proliferated more and produced significantly more IFN-c than control (ethanol treated) mice, and in vitro activation of these cells caused further cell expansion and increased amounts of IFN-c ( fig 4A, B) . In contrast, LPMC and MLN cells isolated from colitic animals treated with AM or UCN proliferated less and produced significantly lower amounts of IFN-c than cells isolated from TNBS treated mice, even after potent T cell stimulation with PMA/concanavalin A (fig 4A,  B ). In addition, production of the regulatory cytokines IL-10 and TGF-b1 was significantly increased in LPMC and MLN cells obtained from UCN/AM treated mice, specially on in vitro activation; the Th2-type cytokine IL-4 was not significantly affected ( fig 4B) . Thus treatment with UCN or AM resulted in decreased Th1 cytokine production in vivo, and abrogated the responsiveness of LPMC and draining MLN cells to subsequent in vitro stimulation. Decreased IFN-c production and proliferation of LPMC and MLN cells was specific to cells residing in the lamina propria environment or draining lymph nodes, as splenocytes from UCN/AM treated and untreated TNBS mice equally proliferated and produced IFN-c on stimulation (not shown). Given that the decrease in IFN-c production induced by UCN/AM treatment could be a consequence of either downregulation of IFN-c release or inhibition of Th1 cell differentiation, and that production of IL-10 could be due to macrophages and CD4 T cells, we determined intracellular expression of these cytokines by flow cytometry in sorted CD4 T cells. AM and UCN significantly decreased the number of IL-2/IFN-c producing Th1 cells and increased the number of IL-10 producing CD4 T cells in LPMN and MLN (fig 4B, right panels) . Thus UCN/AM administration to colitic mice regulates the generation/differentiation of autoreactive/inflammatory Th1 cells and presumably regulatory IL-10/TGF-b secreting T cells.
Although IL-10 and TGF-b are factors involved in the function of regulatory T cells, they are not exclusive markers of T cells. Therefore, in order to confirm whether treatment with UCN and AM induces the appearance of regulatory T cells on colitic mice, we determined the percentage of CD4 + CD25 + Foxp3 + T cells in MLN, a phenotype that closely identifies regulatory T cells. Administration of AM or UCN significantly increased the presence of CD4 + CD25 + Foxp3 + T cells in MLN (fig 5) . Interestingly, the increased number of CD4 + CD25 + Foxp3 + T cells induced by both neuropeptides persisted for a long period of time, even when a second TNBS dose was given ( fig 5) . Figure 4 Urocortin (UCN) and adrenomedullin (AM) suppress Th1 cytokine response and stimulate interleukin (IL)-10 production in 2,4,6-trinitrobenzene sulfonic acid (TNBS) induced colitis. Colitis was induced by intracolonic administration of TNBS and mice were treated intraperitoneally with AM or UCN (2 nmol/mouse) 12 hours after TNBS injection. Mice treated with ethanol alone were used as controls. Mesenteric lymph node cells (MLN) and lamina propria mononuclear cells (LPMN) were isolated from the different experimental groups at the peak of the disease (day 3), and cultured with medium alone (unstimulated) or with phorbol myristate acetate plus concanavalin A (stimulated). (A) Proliferative response was determined after four days of culture, as described in the methods. Cytokine content in the supernatants was determined after 48 hours of culture by ELISA. (B) Stimulated lymphocytes were analysed for CD4 and intracellular cytokine expression by flow cytometry. Double staining for interferon c (IFN-c)/IL-2 or IL-4/IL-10 expression was performed in gated CD4 T cells. The number of IFN-c and IL-10 expressing T cells relative to 10 4 CD4 T cells was determined (right panels). Data shown represent pooled values from two independent experiments (n = 5-6 mice/group/experiment). ***p,0.001 versus TNBS treated mice. TGF-b1, transforming growth factor b1.
DISCUSSION
The present study has shown that UCN and AM are two potent anti-inflammatory agents that provide highly effective treatment for TNBS induced colitis, a murine experimental model of CD. A single injection of UCN or AM (450 mg/kg) at the onset of the disease ameliorated the clinical and histopathological severity of the wasting disease, abrogating body weight loss, diarrhoea, and intestinal inflammation, and reduced the high mortality caused by this syndrome. From a therapeutic point of view, it is extremely important to take in account that delayed treatment with UCN or AM was able to reduce colitis severity in animals with established disease, and that an initial treatment with UCN or AM prevented recurrence of the disease in mice given a second dose of TNBS.
There are several potential mechanisms by which therapy with UCN and AM can modulate the effector phase of TNBS colitis. CD and TNBS induced colitis are characterised by transmural inflammation of the colon due to an IL-12 driven, Th1 cell mediated response to TNBS haptenated colonic proteins and/or crossreactive luminal antigens. 4 During the effector phase of bowel inflammation, both innate and acquired immune responses overlap, and multiple inflammatory mediators are involved. UCN and AM strongly reduced mucosal inflammation by downregulating the production of a wide panel of mediators involved in the local and systemic inflammatory response. Chemokines are responsible for mucosal infiltration and activation of various leucocyte populations which contribute to colitis development. 30 The fact that treatment with UCN or AM reduced the production of a plethora of chemokines could partially explain the absence of inflammatory infiltrates in the colonic mucosa of UCN/AM treated mice, being especially relevant for chemokines such as MIP-2 (chemotactic for neutrophils), IP-10 (for Th1 cells), and Rantes/MIP1a (for macrophages and T cells), all involved in CD pathogenesis. 30 In addition to regulation of cell recruitment to the lamina propria during colitis, UCN and AM also regulate inflammatory cell activation and cytokine production. Thus both peptides downregulated the production of the proinflammatory/cytotoxic cytokines TNF-a, IFN-c, IL-6, IL-1b, IL-12, IL-15, IL-17, IL-18, and MIF by mucosal immune cells, and increased levels of the anti-inflammatory cytokine IL-10. The decrease in inflammatory mediators could be a consequence of diminished infiltration of inflammatory cells into the colonic mucosa in UCN/AM treated TNBS mice. However, the fact that LPMC isolated from mice treated with UCN or AM produced lower levels of proinflammatory factors on in vitro activation argues against this hypothesis. This suggests that, in addition to the reduction in inflammatory infiltration, UCN/AM administration deactivates the inflammatory response. Several studies have demonstrated that UCN and AM downregulate the production of inflammatory mediators by activated macrophages. Therefore, it is plausible that deactivation of resident and infiltrating mucosal macrophages could be a major mechanism involved in the antiinflammatory action of UCN and AM in colitis.
The local anti-inflammatory action of AM and UCN was also evident systemically. Of special consideration is the reduction in SAA, an acute phase protein used for clinical monitoring of CD 31 which has been associated with tissue damage in several inflammatory conditions 27 although its precise role in intestinal inflammation is not known. At this point, the obligatory question is: how do AM and UCN regulate such a wide spectrum of inflammatory mediators?
The answer may be found in the fact that the cAMP/protein kinase A pathway is the major intracellular signal involved in most of the effects of AM and UCN, including downregulation of inflammatory mediators. 17 22 cAMP inducing agents have been found to be potent anti-inflammatory factors which act by downregulating activation of the transcription factor nuclear factor kB, a factor essential for the transcriptional activation of most of the inflammatory cytokines and chemokines. The effects of AM and UCN on activation of nuclear factor kB and other transcription factors are currently under investigation in our laboratory.
TNBS induced colitis is also a Th1 mediated disease, requiring T cell activation as one of the initiating events that subsequently leads to macrophage/neutrophil recruitment and activation. 4 Although in some instances the beneficial effects of Th1-type cytokines (mainly IFN-c) in systemic and organ specific autoimmune diseases have been described, in most cases detrimental effects have been demonstrated. 4 23 28 29 In fact, high levels of Th1-type cytokines (for example, IFN-c) are detected in the colon at the height of disease in both CD and TNBS induced colitis and, conversely, neutralising Th1-type cytokine specific antibodies ameliorates disease progression in a murine model. 4 23 28 Our results demonstrate that expression of the Th1-type cytokines IFN-c and TNF-a in the colon is downregulated in response to UCN or AM after induction of TNBS colitis. It appears that inhibition of the Th1 response is caused by a direct action on LPMC and draining MLN cells as LPMC and MLN cells obtained from UCN/AM treated animals are refractory to Th1 cell stimulation.
In contrast with IFN-c and TNF-a, UCN and AM increased production of IL-10 in vivo. However, the fact that both peptides increased IL-10, but not IL-4, production, in CD4 T cells from LPMC and MLN, argues against a shift towards Th2 responses. IL-10 has been recognised recently as a signature cytokine for a subset of CD4 T cells that exert regulatory functions. 31 Active suppression by IL-10 secreting regulatory T cells (Treg) plays a key role in the control of self antigen reactive T cells and induction of peripheral tolerance in vivo. 32 33 In fact, deletion or dysfunction of these suppressive cells results in the appearance of multiple autoimmune-inflammatory disorders, especially in the intestine. [34] [35] [36] In addition, UCN/AM treatment increased the production of TGF-b1 by activated LPMC and MLN cells, and TGF-b1 is another mediator of Treg function. 34 35 Our data suggest that both neuropeptides favour the generation/ activation of IL-10/TGF-b secreting Treg cells, a finding that correlates with the fact that treatment with AM or UCN increased the percentage of Foxp3 expressing CD4 + CD25 + T cells in MLN, a phenotype characteristic of Treg cells. 32 34 In addition, both peptides increased colonic expression of CCR-4 and CCR-8, two chemokine receptors expressed in Treg cells. 37 38 UCN and AM may favour the recruitment of Treg to the inflamed mucosa. However, we did not observed a significant increase in expression of ligands for CCR4 and CCR8 (CCL17 and CCL1) in the colon after UCN/AM treatment. Although the mechanism is still unknown, preliminary experiments indicate that both neuropeptides could induce differentiation of tolerogenic dendritic cells with the capacity to generate IL-10-secreting Treg cells (unpublished results). Maintenance of tolerance by IL-10/ TGF-b secreting T cells could be related to resistance to disease recurrence observed in AM/UCN treated mice, mainly because the number of CD4 + CD25 + Foxp3 + T cells persisted for a long period and when a second TNBS dose was given.
Improvement in wasting disease seen in mice treated with UCN or AM (approximately 90%) compares favourably with that achieved with other therapies, such as blocking of IL-12, TNF-a, IL-6, or IFNc, or treatment with prednisolone or mesalamine, 4 23 39-42 some of which are widely used in treating inflammatory bowel disease patients. The capacity of both peptides to regulate a wide spectrum of inflammatory mediators, in addition to suppression of Th1-type responses and potential generation of Treg cells, might offer a therapeutic advantage over neutralising antibodies directed against a single mediator.
UCN is structurally related to CRF and is an endogenous ligand of CRF receptors. Depending on the site of secretion, both pro-and anti-inflammatory actions have been attributed to CRF. Both physical and psychological stress induce central and peripheral expression of CRF and UCN. Central secretion of CRF activates the hypothalamus-pituitaryadrenal axis that ultimately induces release of corticosteroids, which mediate the anti-inflammatory effects of central CRF. [43] [44] [45] In contrast, peripherally secreted CRF is largely proinflammatory, especially in the gastrointestinal tract. [46] [47] [48] In contrast with CRF, the anti-inflammatory effect of UCN in systemic inflammation and experimental autoimmune encephalomyelitis is corticosteroid independent. 17 19 The present study and other evidence suggest that UCN at inflammation sites may counteract the proinflammatory effects of CRF. 47 Interestingly, UCN preferentially binds to the CRF receptor type 2 with higher affinity than CRF, and the distribution of UCN, but not of CRF, correlates with the distribution of the CRF receptor type 2 in the periphery. 5 Of physiological relevance is the observation that expression of UCN and AM is increased in activated inflammatory cells. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Although levels of UCN and AM have not yet been measured in CD patients, they are elevated in several inflammatory conditions, including rheumatoid arthritis, endotoxaemia, gastritis, and ulcerative colitis. 13 19 20 49 Therefore, it is attractive to speculate that the body responds to an exacerbated inflammatory response by increasing the peripheral production of endogenous anti-inflammatory factors, including UCN and AM. Although both peptides have differing actions affecting the cardiovascular system (stress and anxiety), we did not observe any adverse effects of the peptides at the concentrations used in this murine system. The ability of delayed administration of UCN and AM to ameliorate ongoing disease also fulfils an essential prerequisite for any anticolitis agent, as treatment is started after the onset of CD patients.
In summary, we have identified UCN and AM as potent paracrine immunomodulatory factors with the capacity to deactivate the intestinal inflammatory response at multiple levels, and with potential therapeutic application in CD.
